The rheological properties of tin oxide slurries were studied experimentally and theoretically. The deflocculants used were ammonium polyacrilate (PAA) and the copolymer poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB-PVA-PVAc), in water and ethanol, respectively. The amount of deflocculant was optimized for different solid contents by means of viscosity measurements. In spite of the high stability of PVB-dispersed slurries, a high solid concentration was not obtained. On the other hand, a slurry with a 56.4 vol.% of solids was attained when PAA was used. A theoretical study of the adsorption of PAA in its dissociated (basic solution) and non-dissociated (acidic solution) forms on SnO 2 (110) is presented. This analysis was made by means of the PM3 method using a large cluster Sn 15 O 28 for the surface model. The calculated adsorption energy is larger for the ionized PAA than for the non-ionized form, indicating that alkaline slurries favor PAA adsorption on the SnO 2 surface. #
Introduction
Tin oxide has been used in contact with glasses containing lead, being commonly used as electrode material.
1,2 Shaw 1 emphasizes the advantages of the use of this refractory material in the melting of lead silicate, leading to a reduction in the volatilization of lead oxide and reduced pollution. It also produces a final product with improved quality, since tin oxide does not tint glass.
The use of tin oxide crucibles made by slip casting to process corrosive materials has proved to be promising for technological applications. Tin oxide crucibles have been employed successfully to melt glasses containing heavy metal oxides 3 and fluorides 4 , and to process Y 1 Ba 2 Cu 3 O single crystals. 5 The properties of glasses melted in tin oxide crucibles are similar to those melted in platinum or gold crucibles, indicating the possible substitution of these crucibles by tin oxide ones that are less costly.
A study of the rheological properties of tin oxide slurries is required to produce high quality crucibles. Little research has been done in this area due to the difficulties involved in obtaining high density materials after sintering. Astanina et al 6 have produced stable slurries containing 60-85% of solids (mass percent) using sodium carboxymetilcelulose and sodium silicate as deflocculants, used both separately and together. Pron'kina et al. 7 tested different deflocculants and concluded that carboxymetilcelulose is an efficient one.
The viscosity of the slurry, considering particles as rigid spheres, is directly related to the volumetric fraction of solids. In high concentrations, the interactions between the particles affect rheological behavior. Many models have been proposed in an attempt to include the hydrodynamic and Brownian interactions, but agreement with the experimental results has only been qualitative. On the other hand, semi-empirical models, such as the Krieger-Dougherty [Eq. (1) ] and the Quemada [Eq. (2) ] are commonly used.
where m is the maximum attainable volumetric fraction, is the volumetric fraction, () is the intrinsic viscosity (2.5 for spheres) and r is the relation between the viscosity of the suspension and that of the solvent. Besides the adsorbed polymer, sterically stabilized slurries also involve a slight repulsion between particles. In practice, these factors lead to an increase in the attainable volume of particles and consequently, in the volumetric fraction of the solid phase. In this case, the effective volume fraction may be calculated using, for example, the Barker and Henderson equation.
where a is the particle diameter and U(R) is the pair interaction potential. 8 The present work consisted of a study of the rheological properties of tin oxide slurries dispersed with polyacrylic acid (PAA) and polyvinylbutyral. To obtain high density crucibles, 0.5% mol of manganese oxide was added to the tin oxide, according to Cerri et al., 9 who obtained ceramic pellets with a density above 99%.
In relation to the theoretical calculations, the aim of this work was to use semiempirical techniques to investigate the electronic structure of a SnO 2 system in order to understand the rheological properties of SnO 2 at the molecular level and to rationalize the role played by the oxygen vacancies in the interaction between SnO 2 particle surface and PAA.
Several theoretical studies using different models have investigated both the electronic properties and interaction between several adsorbates and SnO 2 .
10 Quantum chemical calculations were made to further analyse the influence of both pH and SnO 2 particles on polymer configuration.
Materials and methods

Experimental procedure
The rheological properties of tin oxide (99.9%-CESBRA) suspensions, doped with 0.5 mol% of manganese oxide (Aldrich Chemical Co.), were determined by means of viscosity measurements (Brookfield-DV III), with variation of the deflocculant type and concentration, solvent, solid concentration and pH.
Powder characterization before milling was done by means of BET (Micromeritics, ASAP 2000) analysis and particle size distribution (Horiba, CAPA 500). The surface area was 5.40 m 2 /g, with a mean particle size estimated from this surface area of 0.16 mm. In relation to particle size distribution, the material presents a mean particle size of 0.3 mm. These particle sizes cannot be compared because particle size analyzers typically favor particles that are micron size and larger, while surface area analyzers tend to favor the fine particle fractions.
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The polymers poly(vinylbutyral-co-vinylalcohol-covinylacetate)-PVB/PVA/PVAc (Aldrich Chemical Co.) and ammonium polyacrylate (IQAPAC C, IQA) were used as deflocculants. Absolute ethanol (Mallinkrodt) was used as the solvent in the first system and distilled water in the second. The amount of solids varied from 12.6 to 56.4 vol.%. All the suspensions were milled in an attritor mill for 30 min at a speed of 500 rpm. Alumina balls with 2 mm of diameter were used as grinding media.
The optimized amount of deflocculant was determined through the addition of progressive amounts of deflocculant, followed by viscosity measurements at different shear rates. After optimization of the deflocculant quantity, a sedimentation test was carried out. The pH optimization was done through the addition of pure ammonium hydroxide (Merck), with the use of a 10 ml micropipette, followed by a viscosity measurement.
Theoretical procedure
SnO 2 crystallizes in the rutile structure, which has a tetragonal D 4 14 symmetry. There are two formula units per primitive unit cell, with the three-fold coordinated oxygen atoms forming a distorted octahedron around the tin atoms. An experimental analysis shows that the (110) surface is the most stable SnO 2 face. 12 However, the SnO 2 (110) surface can be obtained at different oxidation degrees, depending on the experimental conditions: stoichiometric, reduced, and defective. 13 The material readily loses surface oxygen because of the variable valence of Sn, giving rise to a reduced surface. In this case, electrical neutrality is maintained when the Sn 4+ ions on the surface ionic plane are reduced to Sn 2+ , according to Eq. (5):
In this context, a large Sn 15 O 30 cluster model (see Fig. 1a for Moviemol 14 diagram), derived from crystallographic data 15 was selected to represent the ideal SnO 2 (110) surface. The reduced SnO 2 (110) surface model was made by removing two bridging oxygens in positions 44 and 45, according to Eq. (5), leading to the (SnO 2 ) 13 (SnO) 2 cluster model, which meets the requirements of stoichiometry and neutrality and has, therefore, been chosen to be used throughout this report.
The cluster approach was chosen because it is particularly well suited to tackle local phenomena such as single adsorbates on a surface. 16 Generally, surface relaxation effects are important in chemisorption, which is why, in this study, relaxation of the (110) surface of SnO 2 was considered. Once the relaxation of the reduced SnO 2 (110) surface was reached, the (SnO 2 ) 13 (SnO) 2 cluster geometry was frozen during all the calculations, whereas the absorbed PAA and PAA À geometries (Fig. 1b) were fully optimized. PAA À was obtained from the PAA structure by removing a hydrogen atom H(4), followed by full optimization of the geometry.
To understand the characteristic of PAA adsorption on the reduced SnO 2 (110) surface as a function of pH, the interactions of tin oxide with PAA in its non-dissociated (acidic solution) and dissociated forms (basic solution) were investigated. For a quantum chemical study of such a system size, semiempirical methods were employed extensively. Although the specificity of these methods could be called into question, they are computationally and physically applicable. Therefore, calculations were made with the PM3 17 semiempirical methods included in the GAUSSIAN 94 program package. 18 The interaction energy between the cluster and the PAA with three monomeric units was calculated according to Eq. (6):
where Et Sn 15 O 28 þPAA ð Þ is the energy of the adsorbate/ substrate system, Et Sn15O28 is the energy of the substrate and Et PAA is the total energy of the isolated adsorbate and its theoretical equilibrium geometry.
Results and discussion
Viscosity measurements
PVB copolymer efficiency in ethanol was tested in different solid concentrations (12.6-25.1 vol.%). The deflocculant used had an average molecular weight (M n ) of 42,584 daltons and a maximum molecular weight (M w ) of 118,886 daltons, with a polydispersivity (M w / M n ) of 2.79.
It is well known that PVB copolymer acts as a steric stabilizer and that its efficiency depends on the solvent's quality. 19 What part of the copolymer is adsorbed on the particle's surface is still a controversial issue. While it is usually assumed that adsorption is due to PVB, Parker and Sacks studied copolymers containing different amounts of PVA and demonstrated that adsorption on the alumina increases as the amount of PVA increases. 20 The behavior of the suspension was determined through plots of log versus log , according to Eq. The m values are plotted in Fig. 2 . All the curves presented a high coefficient of linear regression (r> 0.99). Only the suspension having a 21.1 vol.% of solids and a 3.8 wt.% of deflocculant showed almost Newtonian behavior. All the suspensions were pseudoplastic when the PVB concentration was low, indicating flocculation. As the concentration increased, the rheological behavior became dilatant, which is characteristic of highly loaded suspensions with a high repulsive force between particles. 19 The suspension having a 25.1 vol.% of solids presented pseudoplastic behavior, indicating poor dispersion. In other words, PVB is not efficient in dispersing concentrated suspensions (> 21 vol.%).
The behavior of viscosity as a function of deflocculant concentrations was also investigated, as shown in Fig. 3 . Except for the suspension with a 25.1 vol.% of solids, the viscosities of the other suspensions did not increase with increasing PVB content after reaching the minimum value of viscosity. The optimized amount of deflocculant is presented in Table 1 .
In relation to the low solid concentration attained, one possible reason for the inefficient dispersion was the choice of solvent. This may be due to the low solubility of PVB in ethanol. In this case, the probability of polymer adsorption on the particle surface increases due to the low interaction polymer-liquid, which leads to a dense covering and, consequently, prevents the particles from approaching each other. On the other hand, a good solvent results in an increase in deflocculant efficiency owing to the formation of loops and tails extending from the surface of the particle into the liquid. 19 A similar study was also carried out for PAA. The deflocculant used had an average molecular weight (M n ) of 9308 daltons, a maximum molecular weight (M w ) of 63,027 daltons and a polydispersivity (M w /M n ) of 6.77. 
The log versus log curves were obtained and the m values were calculated and plotted in Fig. 2 . As before, all the curves presented a high coefficient of linear regression (r> 0.99).
Only the suspension with a 25.1 vol.% of solids presented a nearly Newtonian behavior, the others presenting pseudoplastic behavior. Additionally, it can be observed that the pseudoplasty increased as the solid concentration increased. This fact is probably related to higher particle interaction. The structure of a colloidal suspension in rest is the result of a balance between the interparticle potential and the Brownian particle motion. 8 When the solid concentration is very high, the repulsive force between particles is insufficient to prevent their interaction, and agglomerates are formed with water inside them. As the shear rate increases, agglomerates are broken and the water inside them is released leading to a decrease in viscosity. The suspension with a 17.7 vol.% of solids is pseudoplastic due to the low efficiency of PAA in the dispersion of low concentrated suspensions. This fact can also be observed in the deflocculant optimization curves shown in Fig. 4 . This figure shows the decrease in the optimized amount of deflocculant as the solid concentration increases, up to a limit of 56.4 vol.% of solids, which presents an increase in the optimized amount of PAA.
Another important point is the increased viscosity of the suspensions with solid concentrations above 36.5% after the addition of higher amounts of deflocculant. According to Hirata, this may be due to electrostatic repulsion between: (i) free charged polymers and (ii) negatively charged free polymers and free polymers adsorbed in the particle. 22 The optimized amount of deflocculant is presented in Table 1 .
Sedimentation measurements
Figs. 5 and 6 illustrate the sedimentation study. The results obtained show that suspensions dispersed with PVB are highly stable, particularly the suspension with a 21.1 vol.% of solids (Fig. 6a) . This stability indicates that the polymer is efficiently adsorbed on the tin oxide and on the manganese oxide, preventing the separation between the suspension's constituents. Fig. 5 indicates the formation of a black region, consisting of manganese oxide, above a gray region, consisting of tin oxide, in suspensions dispersed with PAA. This is due to the separation between manganese oxide and tin oxide after 24 h. This effect is less pronounced in the less concentrated suspensions. Apparently, PAA adsorption on manganese oxide is more efficient than on tin oxide, leading to a higher concentration of MnO 2 at the top of the essay tube and a higher concentration of SnO 2 at the bottom. After some time, the MnO 2 in the less stable suspensions also sediments, as shown in Fig. 7 . It was also observed that the height of the liquid region is smaller in more concentrated suspensions.
pH test
pH tests were performed for PAA stabilized suspensions containing 44.9 and 56.4 vol.% of solids, as shown in Fig. 8 . One can observe that viscosity decreases as pH increases. In higher pH values (pH > 10), the addition of a large amount of NH 4 OH (10% of the total amount of water) is needed to change the pH, and the decreased viscosity may result from a higher dilution of the suspension.
Many authors have ascribed the influence of pH variation in polymer configuration to the surface charge of particles and of the polymer and, thus, to the amount of polymer adsorbed.
According to Biggs and Healy, 23 at pH values above the pzc (point of zero charge), the negative sites of ammonium polyacrylate repel each other, leading to an extended conformation. In addition, an electrostatic repulsion between polymer and surface occurs, because both are negatively charged and adsorption occurs in the few positive sites on surface. These effects lead to formation of loops and tails in the adsorbed configuration. As pH decreases, the polyelectrolyte chains become neutral and a highly collapsed conformation is acquired. As a consequence, more adsorbed chains are needed to cover particle surface. Moreover, a lower amount of charge in a solution decreases the magnitude of electrostatic repulsion between particles. Dispersion is, therefore, favored by higher pH values. The schematic diagram is presented in the Fig. 9 .
A change in suspension behavior (from pseudoplastic to dilatant) with increasing pH was also observed. As mentioned earlier, dilatancy is characteristic of highly charged suspensions, where the repulsive force between particles is high. 19 
Quantum chemical studies
Several calculations in which PAA and PAA À molecules were positioned at different starting configurations were made. These calculations take into account favorable electrostatic interaction between the adsorbate molecule and the relaxed surface.
Results obtained are shown in Fig. 10 and indicate that PAA À molecules (in ionized form) adsorb in a perpendicular mode 23 on SnO 2 and their adsorption energy has been estimated at À89.2 kcal mol These values are in agreement with the experimental results related to pH measurements. A higher pH favors PAA adsorption, increases the efficiency of steric stabilization and, thus, decreases viscosity. As soon as the pH decreases, the conditions for PAA adsorption are less favorable and viscosity increases.
Modeling for highly concentrated suspensions
Considering the present system as consisting of rigid spheres of the same size, Krieger-Dougherty [Eq. (1)] and Quemada [Eq. (2)] developed semi-empirical models to describe slurry behavior. Both models consider that the flux is affected only by viscous hydrodynamic interactions and by the Brownian motion. These models were used in this work to attempt to predict the behavior of tin oxide suspensions, dispersed with PAA, containing different solid concentrations.
Two plots were made based on the experimental results. The first plot considered the volumetric fraction of solids as being only the ceramic particles. The second plot considered the effective volumetric fraction, i.e. the ceramic particles with the adsorbed polymer. For this calculation, it was considered that the entire polymer in solution is adsorbed onto the particle in a plain conformation. The result obtained shows that agreement with the plots is only qualitative and the experimental curves are very similar, according to Fig. 11 . It is important to note that the curves obtained from the two different models are also very similar.
The disagreement observed may be due to different factors, such as particle size distribution, which is not monomodal for the powder used. Thus, packing between particles increases as soon as smaller particles fill the empty space between bigger particles, leading to increased viscosity, particularly when the suspensions are more concentrated. Another possible reason is the non-uniformity of the liquid layer formed between the particles, which may change the viscous flux. A correction factor should be used when applying the KriegerDougherty and Quemada models to tin oxide suspensions dispersed in distilled water with PAA.
Conclusion
The results obtained show the possibility of obtaining stable suspensions with high solid concentrations (56.4 vol.%), using PAA as deflocculant. It was demonstrated that PVB is a good deflocculant giving suspensions which are very stable. The problem related to PVB is the low concentration of solids obtained. PAA presents higher stability for more concentrated suspensions. It was not possible to obtain a Newtonian behavior since the high solid concentration increases interparticle interaction. The experimental and theoretical results indicate that an alkaline medium favors deflocculation, leading to stronger interaction between PAA and the reduced SnO 2 (110) surface.
